Abstract: In microwave photonics links (MPLs), the multicarrier microwave signals are subjected to intermodulation distortion (IMD) and degrades the linearity of the MPL significantly. A linearization scheme is presented with an integrated parallel Mach-Zehnder modulator (MZM), without requiring optical/electrical filters and optical delays. In addition, to reduce the requirements on the electrical and optical components for the high-frequency applications, frequency doubling is designed in this linearization scheme. Theoretical expressions are presented to analyze this scheme. Experimental and numerical results show that the main IMD2 products are suppressed by more than 35 dB.
products are reversed, and IMD products are suppressed by counteracting with the modulated signals. Because the system is potentially instable at high frequency, this scheme is available only at low frequency ( 6 GHz). Furthermore, the structure is complicated, because many electrical delays and an optical delay are employed in this scheme.
In the optical filter scheme [17] , optical single sideband (OSSB) modulation and optical narrowband filter are employed to remove the major IMD products, which are close to the carrier usually. Because the bandwidth of the optical filter is not narrow enough to distinguish the IMD products and the optical carriers, the IMD products are filtered, as well as the optical carrier. In the OSSB demodulation, the optical carrier is necessary in down-conversion to generate the RF wave. Therefore, another optical carrier, which should be coherent with the sidebands, has to be inserted. In this scheme, an attenuator and an optical delay are employed to adjust the amplitude and phase of the inserted optical carrier accurately. Compared with the optical feedforward scheme, the structure of this scheme is simpler and can be applied at high frequency. However, this scheme is not stable in the practice because the optical delay and the attenuator are not integrated with the modulator. The coherence between the inserted optical carrier and the sidebands is subjected to be destroyed due to slight jitter of the system. So, it is desired to propose a linearization scheme with integrated device and reduce the requirement on the filters and delays.
In this paper, without optical/electrical filters and optical delay, a linearization scheme with frequency doubling is proposed by employing an electrical phase shifter (PS) and an integrated parallel Mach-Zehnder modulator (MZM), in which two sub-MZMs are monolithically integrated into the two arms of the Mach-Zehnder interferometer, respectively. Compared with previous optical feedforward scheme [11] and the optical filter scheme [12] , this scheme is simple and stable. In addition, because the odd-order sidebands are suppressed during the linearization, pure and undistorted signals can be obtained at the double frequency of the RF drive signals. Consequently, the requirements on the optical and electrical components (such as the bandwidth of the MZM, the electrical drive signal source, and the drive circuit itself) are lowered greatly. So, this scheme is lowcost and is advantageous for high-frequency applications, especially for mm-wave applications.
The rest of this paper is organized as follows: In Section 2, a two-tone solution is introduced to analyze the proposed scheme and deduce the theoretical expressions, to optimize the phases of the RF drive signals. The simulation results are also presented in this section to demonstrate the theoretical expressions. In Section 3, the experimental system and experimental results are presented and show that IMD products are well suppressed by 35 dB. Conclusion is drawn in Section 4.
Principle and Numerical Simulations

Principle
The conceptual diagram of reducing IMD is shown in Fig. 1 . The laser is divided into two equalpower continuous waves (CWs) for each sub-MZM with two electrodes. Two RF resources, at ! 1 and ! 2 , are applied to drive the two sub-MZMs. A PS is employed to impose the phase shift to the RF signals between the tow sub-MZMs. The two MZMs are biased at full point with the same direct voltage. Due to the nonlinearity of MZM, many IMD products are generated at the output of sub-MZM1 (or sub-MZM2). Because the odd-order sidebands are suppressed in the scheme, the main IMD is IMD2, instead of IMD3, which is the main IMD in the linearization scheme without frequency doubling. As shown in the right top of Fig. 1 , the frequency of the main IMD products are resulted from the sidebands at ! c AE ! 1 AE ! 2 .
Resulting from the PS between RF1 and RF2, the IMD products (labeled with red dotted lines) are suppressed, as shown in the right bottom of Fig. 1 . After transmitting over fiber, the microwave signals are re-generated at the output of a photodetector (PD) at 2! 1 and 2! 2 . In this way, major IMD products are suppressed without complex structure such as electrical/optical filters and optical delays. Moreover, because the odd-order optical sidebands are well suppressed, the generated RF signals are up-converted to double frequency. That lowers the requirement on the optical and electrical components.
To make the theoretical analysis clear, a two-tone solution [18] is adopted in this paper. The electric driving signals for MZM1 (V 11 and V 12 ) and MZM2 (V 21 and V 22 ) are
where V m is the amplitude of RF signals.
The optical field at the output of the two sub-MZMs (E out 1 and E out 2 ) can be expressed as
where E i is the amplitude of the optical field, and ! c is the frequency of the optical carrier. The modulation index m is defined as m ¼ V m =V , and V is the half-wave voltage of the MZM. By introducing Bessel expansion, Eq. (2) can be re-written as
From Eqs. (3a) and (3b), nonlinearity of MZM results in many IMD products at ! c AE k ! 1 AE l! 2 . The IMD products may distort the modulated signals in transmission link and influence the demodulation at PD. As a result, the system performance and the overall system dynamic range are degraded. Among those additional products, the components at ! c AE ! 1 AE ! 2 are the maximal contribution in IMD products. It is desired to eliminate the main IMD products to enhance the performance of the system.
The total optical field ðE out Þ is the combination E out 1 and E out 2 . From Eqs. (3a) and (3b), we get
where n is an integer. Because the PS between RF1 and RF2 is , all components at frequency ! c AE k ! 1 AE l! 2 are counteracted when l is odd. For example, IMD products at frequency ! c AE ! 1 AE ! 2 are suppressed.
In practice, the amplitude of the components are small when l 9 2 and k 9 2. To prospect the physical significance of Eq. (4), high order sideband (l 9 2 and k 9 2) are neglected. From Eq. (4), the main optical field ðE main Þ is of the form
According to Eq. (5), the IMD products at ! c AE k ! 1 AE l! 2 are counteracted when l is odd (k and l are integers), resulting from the phase of these IMD components of E out2 that is just reverse with those of E out 1 . For example, the IMD products at ! c AE ! 1 AE ! 2 are eliminated. According to Eq. (5), the power ratio of the carrier to the optical sidebands at ! c AE ð2! 1 AE 2! 2 Þ is J That is to say, the power ratio of the carrier to the optical sidebands at ! c AE ð2! 1 AE 2! 2 Þ is more than 77.69 dB. Therefore, the optical sidebands at ! c AE ð2! 1 AE 2! 2 Þ can be neglected usually, and the remained optical sidebands are located at ! c AE 2! 1 or ! c AE 2! 2 .
After the PD, the RF signals are re-generated due to the beat frequency between the optical carrier and the sidebands. As discussed, the sidebands at ! c AE 2! 1 and ! c AE 2! 2 dominate over other sidebands. Therefore, the signals at 2! 1 and 2! 2 dominate over the others and the spectrum is pure. In addition, the frequency of the generated signals is double of RF sources. The requirements on the optical and electrical components (such as the bandwidth of optical modulator, the electrical drive signal source, the transmission line, and the drive circuit) are reduced by half. Accordingly, this scheme can lower the requirement on the high-frequency applications, which is expensive usually.
Numerical Simulations
To verify the validity of the proposed scheme, the system shown in Fig. 1 simulated with the VPI Transmission Maker tool. The wavelength of the CW lightwave is 1550 nm with linewidth of 10 MHz. Two RF sources are centered at f 1 ¼ 20 GHz and f 2 ¼ 25 GHz, respectively. Optical signals are generated from the parallel MZM and propagate through 80 km single mode fiber with the optical amplifier gain of 25 dB. The attenuation is 0.2 dB/km, chromatic dispersion is 16.75 ps/nm/km, and differential group delay is 0.2 ps/nm. At the receiver, a PD with responsibility of 0.6 A/W is employed to demodulate the RF signals. Thermal noise, shot noise, and ASE noise are considered in this simulation. Fig. 2(a) shows the optical spectrum at the output of MZM1 or MZM2. It accords with that shown in the right top of Fig. 1 . The sidebands at f c AE 2f 1 and f c AE 2f 2 are the signals. The sidebands at f c AE ðf 1 þ f 2 Þ and f c AE ðf 2 À f 1 Þ are the main IMD products. Fig. 2(b) shows the optical spectrum after the two sub-MZMs. Due to phase shift , the main IMD products are counteracted.
The RF spectrum after the PD is shown in Fig. 3(a) when the proposed linearization scheme is not applied. IMD products at f 1 þ f 2 and f 2 À f 1 are higher than the signals at 2f 1 and 2f 2 . This may bring dramatic distortion at demodulation, especially when frequency interval of two-tone signals is small. Fig. 3(b) shows the spectrum of after the PD when the linearization scheme is employed. As shown, the main IMD products are suppressed, and the spectrum is pure for applications.
So, the simulation results are consistent with the theoretical analysis. Fig. 4 is presented to investigate the performance of the proposed scheme with modulated signals. As shown in Fig. 4(a) , pre-coding is required to guarantee the correct demodulation of the QPSK signals, because the phase is doubled during the frequency doubling [16] . For the typical propagation distance of z ¼ 20 km and z ¼ 80 km, the constellation diagrams are shown Fig. 4(b) and (c), respectively. As shown, the system is applicable with the modulated signals, judging from the Error Vector Magnitude (EVM).
Experiments System and Results
Experiments System
Similar to the conventional intensity MZM, the sub-MZN of the integrated MZM can also be implemented with single-electrode or dual-electrode. In the single-electrode integrated MZM, the phase of the upper arm and the lower arm of the sub-MZM is settled to be . According to Fig. 1 , experiment system was proposed to evaluate the performance of the proposed scheme. The CW Laser emits the lightwave with central wavelength of 1549.498 nm, with linewidth of 20 MHz. The 9 GHz and 12 GHz RF signals are emitted from two RF drives (Anritsu 68047C, Agilent8257D), respectively. The phase between the two sub-MZMs is adjusted by a PS (ATM P1408). Therefore, the phase requirements according to Eq. (1) can be matched readily. The phase-matched RF signals are launched into the MZM1 and MZM2, respectively. The propagation link utilizes a 80 km single mode fiber with the optical amplifier gain 20 dB. The attenuation is 0.18 dB/km, chromatic dispersion is 16.75 ps/nm/km, and differential group delay is 0.2 ps/nm. A PD (U 2 t PDV2150RM-VF-FP) with 42 GHZ bandwidth is utilized to detect the generated RF signal. The optical spectrum and electrical spectrum are monitored by an optical spectrum analyzer (Ando AQ6319) and electrical spectrum analyzer (Rohde&Schwarz FSV30), respectively. Fig. 5 shows the measured optical spectrum. The blue dotted line was measured from a traditional single-electrode MZM (FUJITSU FTM7921ER), which is equivalent to MZM1 or MZM2. As shown, the power of the IMD at f c AE ðf 1 AE f 2 Þ is even lager than that of f c AE 2f 1 (or f c AE 2f 2 ). The red line is measured from the proposed linearized scheme. Because the proposed scheme is employed and the RF signals are phase matched, the IMD products are well counteracted after the integrated parallel MZM. As shown, the IMD products are reduced by 21.96 dB. Fig. 6 shows the measured RF spectrum. Fig. 5(a) was measured from PD with a traditional single-electrode MZM to simulate MZM1 or MZM2. In this case, the proposed linearization scheme is not employed, and therefore, the IMD products are much lager than other frequency components. Fig. 5(b) was measured from the PD with the proposed linearization scheme, and the IMD products are suppressed more than 35 dB.
Experiments Results
So, the experimental results are well consistent with the theoretical and numerical results.
Conclusion
A simple and linearized frequency doubling scheme has been proposed with an integrated parallel MZM and a electrical PS. In this scheme, the odd-order sidebands are suppressed to realize the frequency doubling, and therefore, IMD2 are the main IMD. Theoretical expressions are presented to suppress the IMD2 by employing the two-tone solution. The numerical and experimental results are well consistent with those of the theoretical expressions. The proposed scheme could suppress the IMD2 by 35 dB in RF spectrum. Compared with previous optical feedforward scheme [14] - [16] and the optical filter scheme [17] , this scheme is simple and compact because it does not require the optical/electrical filters and optical delays. In addition, the frequency of the RF drive signals are doubled, and it can reduce the requirements on the expensive electrical components and the widebandwidth optical components. So, the scheme is advantageous for the high-frequency applications, especially for the mm-wave MPL.
